Abstract Reverse phase protein array (RPPA) technology evolved from the advent of miniaturized immunoassays and gene microarray technology. Reverse phase protein arrays provide either a low throughput or high throughput methodology for quantifying proteins and their post-translationally modified forms in both cellular and non-cellular samples. As the demand for patient tailored therapies increases so does the need for precise and sensitive technology to accurately profile the molecular circuitry driving an individual patient's disease. RPPAs are currently utilized in clinical trials for profiling and comparing the functional state of protein signaling pathways, either temporally within tumors, between patients, or within the same patients before/after treatment. RPPAs are generally employed for quantifying large numbers of samples on one array, under identical experimental conditions. However, the goal of personalized cancer medicine is to design therapies based on the molecular portrait of a patient's tumor, which in turn result in more efficacious treatments with less toxicity. Therefore, RPPAs are also being validated for low throughput assays of individual patient samples. This review explores RPPA technology in the cancer research field, concentrating on its role as a fundamental tool for deciphering protein signaling networks and its emerging role in personalized medicine.
Introduction
In the last decade, the field of molecular medicine has seen new technological advances in proteomics and genomics, which are rapidly designating molecular profiling as a necessary tool for translational research. Deciphering the molecular pathogenesis of deadly diseases, such as cancer, is fundamental for understanding disease mechanisms and for the rational design of targeted therapy regimens [1, 2] . This new diagnosis and treatment paradigm has several designations-individualized therapy, molecular medicine, or personalized medicine-all of which indicate the need to design therapies based on known/predictive biomarkers, prognostic factors, and a patient's genomic and/or proteomic disease profile [3] . Pharmacogenetics, assessing the impact of an individual's genes on drug metabolism/ response, is an example of personalized medicine in which genetic information guides specific drug treatment decisions [4] . In contrast, population-based epidemiological approaches for designing therapy rely on analysis of large cohorts of patients with efficacy defined by the outcome of the majority, rather than individuals. Personalized medicine, the term used herein, aims to improve disease detection, predict treatment response, and reduce adverse therapy events by combining common prognostic criteria such as tumor stage, grade, age, etc. with an individual patient's genomic/proteomic profile [1] [2] [3] . The ability to quantify phosphoprotein levels in small amounts of human biopsy material provides a new class of analytes that factor into treatment decisions [5] .
While cancer is characterized by accumulation of genomic alterations, it is the proteomic-driven cellular functions and interactions that have a profound effect on the information flow within the cell. The cellular proteome is a complex and dynamic entity, whose fluctuating minute by minute state reflects the in vivo status of the cell. The nucleic acid content (DNA, mRNA, siRNA, ncRNA, etc.) cannot provide direct information regarding the state of protein signaling pathways within a cell. Multiple genetic and genomic alterations are currently accepted as the source of malignant transformations; however, the resulting encoded proteins are the actual defective piece of machinery leading to alterations in cellular growth, survival or apoptosis [6, 7] . The faulty protein products of oncogenes and tumor suppressor genes may include protein kinases, growth factors, growth factor receptors, DNA repair enzymes, and growth inhibitors. Protein kinases, however, are often the key molecules in the cellular circuitry, and their aberrant function is frequently at the center of many diseases, including cancer. Although considerable progress has been made in the use of genetics and cancer genomic profiling, molecular therapies, such as tyrosine receptor kinase inhibitors that target specific proteins or protein networks, have rendered a more suitable dynamic approach for cancer treatment [8] [9] [10] [11] .
Cellular homeostasis is vigilantly safeguarded by continuous rearrangements of proteins through several kinases and phosphatases. The phosphorylation or activation state of kinase-driven signaling networks provides essential information regarding the underlying driving force of an individual's disease. Characterization of such detailed protein interactions, taking place both inside and outside the cell even for only a subset of key physiological processes influencing tumor growth, such as survival, proliferation, migration, and apoptosis, could have a profound effect in understanding disease mechanisms. Furthermore, protein-protein and protein-nucleic acid interactions are revealing new potential drug targets. Consequently, mapping the dynamic molecular circuitry, by quantifying posttranslationally modified cell signaling proteins, and/or sequencing tumors for known mutations, is now becoming a vital element in designing clinical trials and individualized patient therapies [3] [4] [5] . The published treatment response rates for various diseases/conditions vary, e.g. 77 % response to Cox-2 inhibitors for analgesia of postoperative pain [12, 13] , or *25 % response of colorectal cancer to chemotherapy (5-flurouracil plus leucovorin) [14] [15] [16] [17] . This wide variation in treatment effectiveness highlights the need for more accurate a priori determinations of treatment efficacy [4] . For example, epidermal growth factor receptor (EGFR) is a validated therapeutic target in colon cancer [18, 19] . However, EGFR expression levels fail to predict clinical efficacy. 35-40 % of patients with KRAS mutations in exon 2 fail to respond to EGFR inhibitors [19] . These examples underscore the importance of deciphering the proteomic and/or genomic underpinnings of individual patient's tissue to achieve more durable treatment response rates.
Individualizing treatment for cancer patients has always been an aim of molecular medicine, but only recently is this goal being realized and supported by biomedical research [1, 2] . The complexity of cancer has proven very challenging; its heterogeneous nature produces unpredictable responses to current drug treatments. Nonetheless, new molecular targets and combination therapies are actively being evaluated in clinical trials, expediting the translation of basic research into clinical applications (Table 1) . RPPA analysis includes the following functional information about the state of actionable drug targets: (a) protein signal pathway network analysis, (b) upstream/ downstream linkage analysis, (c) protein signaling across classes of samples/treatments, (d) predictive treatment efficacy and patient stratification, and (e) post-translational proteomic data [5, [20] [21] [22] . These data are unattainable by genomic and transcriptomic analyses. RPPA provides posttranslational molecular data, which facilitate deciphering the underlying cellular biology.
The tools and information required to truly and proficiently implement personalized medicine are currently being validated in clinical trials and accredited laboratories. Validation entails assessing RPPA performance following strict standard operating procedures with on-going documentation of performance parameters such as inter-assay precision, quality control ranges, and adequacy and performance of calibrators over time [5, 22] . High throughput quantitative proteomic techniques, such as RPPA in which 80 or more samples can be assessed on the same array under the same experimental conditions, have made the analysis of more complex biological systems achievable. The RPPA platform allows the profiling and comparison of the functional state of protein signaling pathways, over time, to follow the course of disease as well as its response to therapy. Characterization of novel drug targets, and the discovery of potential diagnostic and prognostic biomarkers are placing RPPA technology as the preferred platform for proteomic cancer studies [1, 2, 10, [22] [23] [24] [25] [26] [27] . However, RPPA has been utilized to assess the state of signaling kinases in non-neoplastic conditions, such as during Rift Valley fever (RVF) infection and in ophthalmologic conditions such as macular degeneration [28, 29] . The focus of this review is to highlight the contributions of RPPA technology in the cancer research field, concentrating on its role as a fundamental tool for deciphering protein signaling networks and its emerging role in personalized medicine.
Reverse-Phase Protein Arrays
RPPAs are classified as a subcategory of protein arrays. In contrast to forward phase arrays in which individual proteins, such as antibodies, are immobilized on a substratum, RPPAs are comprised of an immobilized cellular or protein-based lysate, or known quantities of a peptide, protein, or recombinant protein [9] . These cellular lysates represent the state of individual tissue cell populations, which can be any type of cell populations including normal, malignant, or the surrounding stroma. Samples, controls and calibrators are printed as individual spots onto a nitrocellulosecoated slide using a robotic arrayer. The high protein binding capacity of the RPPA substratum (nitrocellulose) allows immobilization of protein from dilute cell lysates (e.g. 0.25 mg/mL total protein). Using automated staining systems, each array slide is probed with a specific primary antibody, and a corresponding secondary antibody to detect expression of the target epitope [9, 30] . Signal amplification is independent of the immobilized protein, permitting coupling of detection strategies with highly sensitive amplification chemistries [31] [32] [33] [34] . Multiplexing is achieved by batching samples, printing them on arrays, and analyzing tens to hundreds of samples under the same experimental conditions for any given analyte on a single array, thus providing direct quantifiable information on post-translational modifications across all samples [8, 9, 35] . However, multiplexing in this context does not lend itself to personalized medicine because an array is constructed only after many different samples have been collected. To address the need for individualized assessment of a patient's tumor, RPPAs can also be constructed in multi-pad or sector formats [36] . A sector array is comprised of numerous ''pads'' of nitrocellulose on one glass slide, or in a 96-well format. One patient sample is printed on each of the different nitrocellulose pads, with controls and calibrators in each sector. In a sector format, the nitrocellulose pads can be physically separated from each other by a gasket, thus allowing the same sample to be probed with a different antibody in each sector. The low throughput sector RPPA offers a methodology for assessing several different proteins in an individual sample.
Protein network post-translational modifications can be accurately profiled with RPPAs by probing the arrays using two different antibodies-one antibody is directed against the unmodified form of the protein, for example AKT, while a second antibody is directed against a specific phosphorylation site, for example phospho-AKT Ser473. By comparing the levels of non-phosphorylated protein, phosphorylated protein, and the proportion of phosphorylated protein to the non-phosphorylated form, one can infer the activation status of the protein [8, 24] . The RPPA platform embodies an essential research tool by providing superior sensitivity, combined with broad-scale analysis of phosphoproteins, and the detection of low-abundance proteins from very small amounts of starting material.
Personalized medicine often requires analysis of small numbers of cells, or small volumes of sample, from a single patient (Fig. 1) . Most proteomics technologies have significant technical limitations mainly due to analytical sensitivity, and these limitations are particularly noticeable during the analysis of very small tissue samples. Most tissue biopsy specimens contain only a few thousand cells and other proteomic methods, such as mass spectrometry or enzyme-linked immuno-sorbent assay (ELISA), usually require relatively large numbers of cells for adequate sensitivity [37] . RPPA combined with laser capture microdissection (LCM) for cell procurement has efficiently crossed that hurdle allowing for the relative quantification of numerous proteins obtained from a small number of cells directly procured from tissue samples [21, [38] [39] [40] .
The activation state of proteins in signaling networks fluctuate constantly depending on their cellular microenvironment, which in vitro cell culture models and animal models might not be able to accurately portray [24, 41, 42] .
RPPA Data Analysis Workflow
RPPA data provide relative quantification of phosphorylated, glycosylated, acetylated, cleaved, and total cellular proteins in diseased and non-diseased tissue from multiple samples printed on a series of identical arrays. These arrays can be measured and compared in parallel using commercially available anti-phosphoprotein or other specific antibodies. Antibody specificity is evaluated and validated beforehand using conventional immunoblotting techniques, such as western blotting, on a broad panel of cell lines and human tissues. A single or dominant band at the appropriate molecular weight validates the specificity of the antibody (Fig. 2) . The relative binding affinity of the antibody determines the optimal antibody dilution for use on the RPPA [43, 44] . However, it is unnecessary to know or calculate the analyte concentration and antibody affinity prior to using an antibody on a RPPA. Samples are printed Enriched cell populations are procured by laser capture microdissection, followed by cell lysis to produce whole cell lysates that are representative of the microdissected cell populations. RPPAs are constructed using robotic printers. Proteins of interest are detected by immunological staining methods, using validated primary antibodies and signal amplification chemistries to detect low abundance, post-translationally modified proteins. Data analysis encompasses determining spot intensity values, local area background values, normalization, and annotation of the data. Bioinformatic analyses, such as unsupervised hierarchical clustering, provide insights into similarities/dissimilarities between samples and sample groups on each array in a dilution series (e.g. undiluted, 1:2, 1:4, 1:8). The sample dilution series provides an array-specific means of determining both the antibody affinity and analyte concentration because the optimal antibody affinity and protein concentration represent the linear dynamic portion of the sample dilution curve (Fig. 1) .
RPPA data, while similar to gene microarray data, have a unique set of features that influence the data analysis pipeline. The first unique feature is the presence of total and post-translationally modified proteins within the same sample spot on the array. Unmodified and post-translationally modified proteins can be quantified between multiple sample groups, between replicate sample groups (disease/control), between paired samples (treated/ untreated or tumor/stroma), and between time series measurements or drug concentrations. However, RPPAs require an epitope-specific antibody for each available analyte. Therefore the data analysis method must have adequate sensitivity to distinguish total and modified forms of the same protein. The second unique feature is the presence of contaminating proteins, either from blood, the extra-cellular matrix, of buffer components. To normalize spot intensities across all samples on the array, a common analyte, that is unaffected or uniformly affected by the disease, treatment, or sample processing, must be identified. The third unique feature of RPPAs is the presence of controls and calibrators on each array. These features supply a built-in analytical measurement range for each analyte and can furnish low/high cut-off values for assessing activation states of the proteins.
These unique RPPA features have led to the development of several different algorithms for spot intensity analysis. Despite the algorithm selected for data reduction, the typical data analysis workflow follows the same general processes: (a) determine spot intensity values (pixel intensity/fluorescence intensity) [45, 46] and local spot area background; (b) select data analysis methods (e.g. MicroVigene [47] , RPPA Analysis Suite [48] , NormaCurve/SuperCurve [49] , RPPApipe [50] ; modified PSCAN Dose Interpolation Algorithm (DI 25 ) [51] , RPPAnalyzer Toolbox [52] ), (c) annotate data; (d) calculate differential expression; (e) generate graphical representations of the data; and (f) perform bioinformatics such as unsupervised two-way hierarchical clustering to identify clusters of samples and endpoints. A key concept in molecular data analysis is consistency of analysis across samples and sample sets. Intensity values alone cannot be compared across the current RPPA data analysis methods because each method uses different algorithms for generating the normalized spot intensity value. Comparative analysis between and within RPPA data sets requires consistent data analysis methods because each method has slightly different features for normalizing, local spot background correction, and management of non-specific signal.
Integration of Laser Capture Microdissection in RPPA Based Studies
Procurement of enriched cell populations in a vastly heterogeneous tissue sample is required for accurate identification of protein network profiles [40, 53, 54] . In past years, the problem of tissue heterogeneity presented a significant barrier to the molecular analysis of normal and diseased tissue. Initial attempts at protein pathway profiling consisted of whole tissue analysis making it difficult to determine the origin of a given protein signal or the specific cell type responsible for an activated pathway. In many cases, the cell subpopulation of interest in a tissue may constitute only a small fraction of the total tumor mass. In any given tumor sample one may find a combination of several cell types, such as normal and tumor epithelium, stromal cells, nerve cells, immune cells, and vascular cells, which are able to contribute independently to the growth, invasion, and metastasis of the patient's tumor. Molecular data from heterogeneous samples could be severely compromised if undesired cells contaminate the starting research material, even in samples with [80 % tumor [53] . Furthermore, a lack of correlation in protein expression patterns between microdissected and non-microdissected material has been previously reported [40, 54] . Consequently, the isolation of pure individual tissue cell subtypes within the tumor microenvironment is a crucial step in sample preparation for protein pathway profiling based on RPPA analysis and for any other proteomic approach [55] . This issue has been addressed with tissue microdissection. Microdissection, whether manually with a needle/blade or with a laser-guided instrument (LCM), is considered a well established technique that allows the procurement of enriched cell populations from a heterogeneous tissue under direct microscopic visualization, thus, enhancing the approach to molecular analysis of pathologic processes. LCM is capable of harvesting target cells for the assessment of molecular changes in diseased and non-diseased tissues and for identification of biomarker content in individual cell populations through RPPA studies [44, [56] [57] [58] [59] [60] [61] .
Furthermore, analytes present in tumor and host cells may be drug targets. Thus, accurately identifying and analyzing the cell populations that harbor the actionable drug target will further support the goals of personalized medicine. One concern about incorporating LCM into the RPPA workflow has been the additional labor and time required to procure cells. Jameson et al. [5] recently reported a turnaround-time of 12-23 days (median 15.5 days) in a multisite, multi-omic clinical trial (Side-Out, Table 1 ) in which fresh biopsies were subjected to immunohistochemistry, cDNA microarray analysis, and LCM prior to RPPA. The turn-around-time for LCM-RPPA of clinical biopsy samples in our clinical trials ranges from 3 to 10 business days from biopsy to report [5, 22] In the era of protein biomarker discoveries, tissue instability presents a real problem to the field of molecular medicine. Tissue collection, handling, storage, and processing can significantly introduce bias and have a major impact in the final data generated from molecular profiling. Following procurement, the tissue is immediately subjected to induced stress and hypoxia and surges of wound repair related signal pathway proteins and transcription factors [67, 68] . Excised tissue is still considered a living cellular entity, and as such, it reacts to ex vivo trauma beginning with oxidative, hypoxic and metabolic stress, nutrient deprivation, wounding, finally resulting in cell death [41, 69, 70] . Consequently, phosphorylation activity of certain kinase substrates may increase due to the persistence of functional signaling, or activation by other stress-response signals [41, 69, 71] . Without tissue stabilization, interpretation of biomarker data might be significantly compromised. Although, chemical and protein-based phosphatase inhibitors are used to prevent substrate dephosphorylation by phosphatases in the absence of kinase activity, there is still room for any remaining active kinases to be affected [72, 73] . The balance between kinases and phosphatases is a major source of false positives and false negatives in the field of biomarker discovery [74] . Tissue samples for RPPA protein pathway profiling require stabilization, or preservation, of the kinases and phophoproteins immediately post-tissue procurement to maintain the fidelity of data generated by protein analysis.
Currently, there are new molecular fixatives that are being evaluated in clinical trials to eliminate or greatly minimize sources of pre-analytical variables. These new tissue fixatives are being incorporated and evaluated in large national biobanking efforts and specifically provide the molecular preservation equivalent to snap-frozen tissue, while retaining formalin-like histomorphologic details [41, 70] . There is a broad range of clinical assay variability, including pre-analytical and post-analytical events, which could potentially influence the final data output. The promise of tissue protein biomarkers to provide revolutionary diagnostic and therapeutic information will only be possible with the specific and rapid preservation of phosphoproteins at the time of excision, providing true information representative of the in vivo state of the signaling network within the tissue [70] .
Reverse Phase Protein Array and Cancer Profiling
RPPAs were first described in 2001 by Paweletz et al. [30] in a paper depicting its application to cell signaling analysis of pre-malignant prostate lesions compared to normal epithelium and invasive carcinoma. Signaling pathway profiling of laser-capture microdissected prostate tissue revealed that members of the PI3 kinase/pro-survival protein cascades were activated at the tumor invasion front during prostate cancer progression. Early phosphorylation and activation of AKT was reported to occur as a key step in the progression of cancer, altering cellular turnover due to a decrease in the cell death rate, not by induction of the growth rate [30] .
RPPA has been utilized to address inherent differences in tumor biology of primary and metastatic lesions. Ovarian carcinoma often disseminates to the peritoneum beyond the pelvis. Prognosis of metastatic ovarian cancer is often governed by the metastatic cells, rather than the primary tumor. In a study performed by Sheehan et al. [65] six primary ovarian tumors and patient-matched omental metastases were procured simultaneously during surgery. RPPA phosphoproteomic data were evaluated with unsupervised hierarchical clustering and principle component analysis to assess cell signaling events in patient-matched primary and metastatic tumors and to determine if there were common dysregulated proteins that develop in the metastatic tumors. Hierarchical clustering revealed two data clusters: activated and non-activated protein, with considerable heterogeneity in protein levels between patients. The primary peritoneal carcinomas phosphoproteomic levels were not significantly different compared to the primary ovarian carcinomas. However, variation in phosphoproteomic levels were noted in the metastatic tumor group compared to the patient-matched primary carcinoma group, without a common dominant protein pathway between these groups. Phosphorylation of c-Kit was dramatically elevated in the majority of metastatic tumors compared to the primary lesions. Principle component analysis identified phospho-c-kit, phospho-Ask, phospho-Ikba and phospho-Ras-Grf as highly variable phosphoproteins between the primary and metastatic tumors [65] . Each patient's proteomic signature appeared to have evolved as the tumor spread to a metastatic site.
RPPA proteomic signal pathway patterns can complement mRNA pattern analysis of clinical response and histopathologic subtypes for a more complete understanding of the true drivers of the malignant process [75] . To address the lack of response to chemotherapy in children with rhabdomyosarcoma, Petricoin et al. [21] utilized RPPA to provide a phosphoproteomic network analysis of microdissected tumor cells. Frozen tissue samples were obtained from children with rhabdomyosarcoma enrolled in the Children's Oncology Group Intergroup Rhabdomyosarcoma Study (IRS) IV, D9502 and D9803. Rhabdomyosarcoma exists in three histomorphological subtypes: alveolar, embryonal and botyroid, each one of which is associated with the presence/absence of genetic transformations and prognostic indicators. To assess the state of cell signaling networks, samples representing each of the tumor subtypes were procured prior to treatment. The tissue samples were microdissected, and profiled by RPPA to investigate potential differences in pathway networks reflective of the tumor histomorphology. Surprisingly, the histological subtype was not correlated with protein signaling network data. An altered interconnection was found however, between phosphorylated forms of mTOR, IRS-1 and AKT/mTOR pathway proteins for tumors from patients unresponsive to therapy compared to therapy responders. The authors functionally demonstrated that the negative feedback loop between AKT-IRS-1-mTOR was disrupted in the non-responder group (p \ 0.001). Elevated levels of phospho-AKT Ser473, phospho-mTOR Ser2448, and phospho-p70S6K ser389 were found to be linked to elevated levels of phospho-IRS-1 Ser612 in the responder group, indicating that IRS-1 negative feedback loop was intact (Spearman rho non-parametric correlations). However, in the therapy non-responder group these correlations were not statistically significant. The significance of the AKT/mTOR pathway was further confirmed in a mouse xenograft model treated with CCI-779, an mTOR inhibitor. CCI-779 significantly reduced tumor growth in the mouse xenograft model of rhabdomyosarcoma [21] . Thus, the authors concluded that combination therapies targeting both AKT/mTOR and IGF-IRS pathways prior to standard of care chemotherapy may impart substantial cellular stress on the tumor cells, effectively enhancing the chemotherapy.
RPPA was also used to address the epithelial-stromal signaling pathway crosstalk of colorectal carcinoma and matched normal tissue samples. The 'seed versus soil hypothesis'' of tumor metastasis postulates that metastasis requires cross-talk between tumor (seed) and the distant tissue (soil) [76] .
Sheehan et al. [66] evaluated phosphoproteomic levels of colon tumor and stroma, both biochemically via RPPA, and histologically with hematoxylin stained tissue sections during laser capture microdissection of distinct tumor and stromal cell compartments. Stromal and epithelium similarities were more evident in colon tumors than in normal tissue from the same patient, suggesting activation of epithelial-mesenchymal transition (EMT). Activation of Ras-GRF, phosphop38 and phospho-IkB proteins suggested that EMT is driven by cell proliferation pathways, specifically the mitogen-activated protein kinase pathway [66] . In this case, therapies targeting active molecules in both stroma and cancer cells may be more advantageous for the treatment of colorectal cancer.
In a recent lung cancer study consisting of 101 casematched normal and tumor tissue samples, RPPA technology was utilized to investigate differences in the activation state of 126 proteins and their phosphorylation sites involved in cell proliferation, DNA repair, signal transduction and lipid metabolism [77] . Ku80 levels, a tumor suppressor gene, were reported as significantly higher in tumors of non-smokers compared to smokers. Furthermore, overexpression of Cyclin B1 was detected in poorly differentiated tumors and significantly higher levels of Cox-2 were observed in neuroendocrine tumors. An important finding was the noticeable increased expression of Stat5. Given its association with favorable clinical outcomes, Stat5 has been proposed as a prognostic biomarker for lung cancer [77] .
Coupling RPPA with bioinformatics has revealed protein networks/co-regulations that were not discernable from single probability data distribution of sample data in a breast tissue cohort [63] . These network interactions have the potential to elucidate protein crosstalk, which can then be studied mechanistically in cell culture models of protein over-expression and/or knock-down. Using hierarchical clustering from RPPA data of 56 patient-matched tumor and normal adjacent breast tissue samples, Gujral et al. [63] showed phospho-cMet Tyr1349 was not clustered near common prognostic proteins Her2, estrogen receptor (ER) and progesterone receptor (PR). However, phospho-cMet Tyr1349 levels were statistically associated with Axl receptor tyrosine kinase (Axl) and Stat3. Structured Bayesian inference network analysis, using class variables cancer versus normal, revealed a likely network in which phospho-cMet interacted with Axl, and with phospho-Raf, and phospho-Raf interacted with phospho-Akt. While cMet overexpression is associated with poor clinical outcome, Axl receptor tyrosine kinase (Axl) and phosphorylation of the cMet were not known to be functionally linked in a cell signaling kinase pathway. Mechanistic studies with the triple negative cell line MDA-MB-231 (ER, PR, Her2 negative) that overexpress both Axl and cMet supported the Axl-cMet receptor cross-talk finding in the human RPPA breast tissue samples [63] . This study highlights the application of RPPA for discovering kinase combinations that may be susceptible to novel bi-specific inhibitors.
Application of Personalized Medicine and RPPA
The growing awareness that every cancer develops as a unique molecular entity depending on the patient's individual genetic background is leading the development of personalized therapy. Although two tumors could appear morphologically similar under the microscope, they could be driven by different aberrant signaling pathways. For this reason, a population of cancer patients treated with the same drug may result in only a few responders and many others could suffer from unnecessary toxic side effects. RPPA analysis quantifies specific phosphorylation events and offers an approach to profile the activity state of protein cascades that contain potential drug targets to segregate responders from non-responders [10, 21, 24, 27, 40, 44] . Personalized medicine based on an individual patient's molecular profile will provide clinicians with the required information to efficiently treat individual cancers and lessen toxicity from generalized treatments by determining a priori which treatment has a high likelihood of efficacy [1-3, 6, 18] .
The concept that each patient's cancer has a unique set of pathogenic molecular derangements continues to be supported by emerging molecular information derived from RPPAs [23, 30, 36] . RPPAs are capable of monitoring changes in protein phosphorylation over time, before and after treatment, between disease and non-disease states, and between responders and non-responders. Identification of critical nodes or intersections within protein networks is a potential starting point for drug development and the design of individual therapeutic regimens [9, 21, 22, 30, 65, 66, 78] . The ideal clinical scenario would be to present a menu of treatment choices, or treatment combinations specifically targeted to a patient's molecular profile of his/ her tumor. The following examples of on-going clinical trials illustrate the emerging use of RPPA within clinical research.
The RPPA platform has been recently used in the I-SPY 1 TRIAL (investigation of serial studies to predict your therapeutic response with imaging and molecular analysis) sponsored by the Foundation for the National Institutes of Health (USA). This multicenter clinical study was designed to identify novel tumor biomarkers and establish standards for collecting molecular and imaging data of neoadjuvant breast cancer samples over the course of patient care. Magnetic resonance imaging (MRI) imaging changes were evaluated as potential predictors to patient therapy response and recurrence free/overall survival after neoadjuvant treatment. Additionally, it was the intention of this clinical trial to produce clinical, proteomic, genomic, and imaging biomarker data in order to generate molecular portraits of breast malignancies [79] . As part of this study, RPPA coupled with LCM was specifically utilized to investigate the signaling profile of HER family members in 127 fine-needle biopsies collected before neoadjuvant treatment. Wulfkuhle et al. [47] reported high levels of phospho-HER2 Y1248 in a small set of patients showing no signs of HER2 over-expression. Furthermore, associated increases in activation of HER3, EGFR, and downstream substrates suggested that HER-mediated signaling might be determined by heterodimerization of HER receptor family members. This subgroup of patients may benefit from receiving HER-targeted therapies even though they did not demonstrate amplification of membrane bound HER2 [47] .
I-SPY 2 is utilizing an adaptive trial design to correlate response and outcome with molecular targeted inhibitors. Association between activated biomarkers in protein cascades and the response to investigational targeted therapeutic agents is being evaluated in patients newly diagnosed with invasive breast cancer. Tumor biopsies are currently collected before treatment begins and patients are placed in different treatment regimens determined by the molecular characteristics of their tumor. Thus, the main purpose of this clinical trial is to determine if the addition of a therapeutic agent to neoadjuvant treatment is superior to standard of care alone [62] .
The PINC (prevention of invasive breast neoplasia by chloroquine) trial is a neoadjuvant therapy for patients with breast-ductal carcinoma in situ (DCIS). Analysis of the mechanisms used by DCIS cells to survive in the nutrientdeprived intraductal environment has revealed autophagy as a therapeutic target and chloroquine phosphate is being evaluated as an anti-proliferative agent [41, 42] . This clinical trial is examining the safety and effectiveness of chloroquine administration for a 4-week period for patients with low-grade, intermediate-grade or high-grade DCIS, regardless of hormone receptor status. Magnetic resonance imaging is conducted on each patient before enrollment and just before the designated standard-of-care surgical therapy. Effectiveness in this DCIS trial design will be uniquely measured directly at the molecular level in the DCIS tissue utilizing RPPA before and after treatment. The activated state of signaling pathway proteins associated with autophagy, hypoxia, cell-adhesion, apoptosis, and p53-mediated cell survival in microdissected epithelial and stroma cells will be measured before and after the 4-week therapy. Furthermore, DCIS living organoids and DCIS progenitor cells are harvested and characterized by organ culture, xenograft transplantation, and molecular cytogenetics [20, 80] .
Concluding Remarks
RPPA technology is emerging as an indispensable tool in the development of patient tailored therapies. Broad-scale pathway activation mapping using techniques such as the RPPA provide a means to quantify the current state of hundreds of key signaling proteins and cascades at once from clinical samples. RPPA quantitatively analyses phosphorylated, glycosylated, acetylated, cleaved, or total cellular proteins from multiple samples simultaneously [9, 30] . Microdissection of the heterogeneous tissue sample is required to obtain meaningful information that can reveal unique protein pathway signatures in a patient's tumor, which in turn can be exploited as therapeutic targets. The cellular kinome represents a rich source of new targets for molecular therapeutics, and technologies such as RPPA have greatly facilitated the assessment of cellular activity of these molecules for the realization of patient-tailored therapy [81, 82] .
However it is imperative to mechanistically link the discovery of a biomarker to the biology of the patient's tumor. Generating a list of activated proteins and pathways found in a diseased sample may not have any clinical impact if the biology of the tumor is not known or ignored. Confidence in biomarker applications for early detection, high-risk screening, recurrence monitoring, or individualized therapy could significantly increase if there is an understanding of the biological and biochemical effects of existing overexpressing and/or under-expressing proteins in an patient's tumor [74] .
Expert Opinion
The technology for printing, staining and analyzing RPPAs has evolved into sophisticated, commercially available systems, thus facilitating the adoption of this technology by many laboratories. However, the cost and labor to produce and analyze a RPPA is the main limiting factor to widespread clinical adoption of this technology. Nevertheless, improvements in the technology are either currently available or under development to address these current hurdles. Examples of improvements are: (a) pre-printed arrays with known samples and controls, (b) commercial RPPA printing services, (c) a variety of commercially available nitrocellulose substrata and formats, (d) fluorescent, colorimetric, and chemiluminescent protein multiplexing strategies, and (e) development of multi-use scanners that allow for alternative RPPA detection methods.
As RPPAs continue to evolve as a clinical research assay, the RPPA community is striving to establish guidelines for published RPPA data, as suggested by guidelines such as minimum information for a proteomic experiment (MIAPE) [23, 83] . Performance characteristics such as precision, accuracy, analytical measurement range, and interfering substance are currently being evaluated in accredited laboratories within the USA in an effort to validate RPPA as a laboratory developed test. Establishing a world-wide RPPA society and user group meetings is the first step in sharing knowledge essential for transforming RPPA into a clinical assay for personalized medicine [23] .
A critical unmet need in the field of proteomics is the development of reference intervals (also known as normal ranges) for the proteins, including signaling kinases and tyrosine receptor kinases, to which molecular targeted inhibitors exist. Although RPPAs incorporate controls and calibrators on each array which can be utilized to establish high and low protein levels, we currently don't know the true range of ''normal'' values for many proteins and transcription factors. Analogous to normal ranges for serum electrolytes or glucose, we foresee a future in which large cohorts of tissue samples, or individual patient tissues, from normal and diseased tissue are analyzed by RPPA to establish reference ranges for these emerging molecular targets. Despite the current lack of knowledge regarding normal levels of cell signaling proteins, RPPAs provide an unrivalled technology for deciphering and monitoring aberrant proteins and their post-translationally modified states from a small amount of cellular material.
